The brucella phages A4zz, M5I and $7o8 were examined and compared with the Tbilisi reference phage. A422 was found to be identical in host range, adsorption pattern, physical and chemical stability and serological specificity with Tbilisi phage. M5I and $7o8, although, like A422 and Tbilisi, lytic for all smooth strains of Brucella abortus, were also lytic for Br. suis and Br. neotomae. All of the phages were morphologically identical with Tbilisi phage. M5I and $7o8 could be distinguished from each other and from A4zz and Tbilisi by their serological properties. None of the phages were lytic for Br. melitensis, Br. ovis or Br. canis.
INTRODUCTION
The isolation from various sources, of bacteriophages lytic for organisms of the Brucella genus, has been frequently reported in the literature (Drozhevkina & Kiritseva, I955; Popkhadze & Abashidze, I955; Drozhevkina, I957; Ostrovskaya, I957; Parnas, Feltynowski & Bulikowski, 1958; Lazuga & Renoux, 196o; Parnas, I963 ; Cerbu, I966) . Most of these phage isolates were found to replicate only in cultures of Br. abortus strains, although there have been occasional reports of phages lytic for other Brucella species (Drozhevkina, I959; Parnas & Sarnecka, I964; Hall, i97i ) . However, the characterization of brucella phages in terms of host range must necessarily depend on the methods employed in classification of their Brucella hosts. When brucella cultures were classified according to recommended procedures (Report, I953), all of a large number of phage isolates were found to be closely related to the Tbilisi (Tb) reference strain (Ostrovskaya, I957; 196I; Morgan, I963; Mtinter, I963; Calderone & Pickett, I965; Parnas, I97I) . In this context the description by Moreira-Jacob (I968) of three phages designated A422, M5I and $7o8, isolated respectively from organisms identified as strains ofBr. abortus, Br. melitensis and Br. suis, is of particular significance. In the present study an attempt has been made to characterize the phage isolates of Moreira-Jacob (1968) and to determine their relationship to the Tb reference phage.
METHODS
Bacterial strains. The strains used of Brucella spp. were from the culture collection mainrained at this laboratory.
Phage strains. The Tb phage strain used was that described by Morgan (I963) . Phage strains A4zz, M5I and $7o8 were provided by Dr M. Moreira-Jacob of the Laboratorio Nacional de Investigag~,o Veterinfiria, Lisbon, Portugal. Strain A4zz was derived from Brucella abortus, strain M5 r from Br. melitensis and strain $7o8 from Br. suis cultures. J.A. MORRIS, M. J. CORBEL AND J. I. H. PHILLIP Phage stocks were prepared either by the agar double-layer technique (Adams, I959) as modified for brucella-phage by McDuff, Jones & Wilson (I962), or in stirred brucella cultures grown in Albimi brucella broth (Van Drimmelen, 1959) . In both methods a smooth culture of Brucella abortus strain 19 in the logarithmic phase was used as inoculum. Some stocks of phage $7o8 were also similarly propagated in Br. suis I33O.
The crude lysates were clarified by centrifuging at Ioooog for Iomin, followed by filtration through o.8 #m membrane filters (Oxoid, London) and after saturation with toluene to maintain bacterial sterility, stored at 4 °C until required. This material constituted the working phage stock.
Titration of phage. The routine test dilution (RTD) for each phage stock was determined as the highest dilution producing confluent lysis on Brucella abortus 544 inoculated as a confluent lawn. The method of Alton & Jones (L967) was employed, using a standard test vol. of o.oz ml. The number of p.f.u, was determined by the agar double-layer method (McDuff et al. I962 ) .
Determination of host range. The Brucella strains for test were grown at 37 °C for 48 h, on serum dextrose agar slopes (Morgan & Gower, I966 ) to provide a large inoculum which was spread uniformly across well-dried trypticase soy agar plates. Unit vol. of o.o2 ml of phage stock at RTD and at lO 4 RTD were spotted on to the plates which were then incubated at 37 °C for 48 h. Cultures of Br. abortus and Br. ovis strains were incubated in air supplemented with Io ~ CO2 by vol. ; cultures of other strains were incubated in air. Plates were examined for signs of lysis at 24 and 48 h.
The Brucella strains were typed by standard procedures (Morgan & Gower, 1966 ) Corbel & Phillip (I972) .
Phage inactivation. The sensitivity of phage strains to heat was determined by incubating I.O ml vol. of phage in sealed ampoules, at 6o °C for various times. Tests were performed on untreated phage lysates in Albimi brucella broth and on lysates dialysed for 18 h at 4 °C against phosphate buffered saline (PBS; o. 15 M-NaC1, o.oI M-phosphate buffer, pH 7-o). After heating, all samples were allowed to reach room temperature before titration.
Phage susceptibility to lipid solvents was determined by gently shaking phage lysate with about Io vol. of solvent, allowing to stand at 2o °C for 9o min and then diluting the phage layer in Ioo vol. of Albimi brucella broth for titration.
Phage susceptibility to I~ sodium deoxycholate, I~ Triton-XToo, o-2~ alkyltrimethylammoniumbromide, o.oi M-EDTA, and o-o2M-NaIO4 was determined by an essentially similar procedure but with incubation at 4 °C for the periodate treatment. Phage susceptibility to enzyme action was assayed by incubation with ribonuclease (5ooo kunitz units/ml), deoxyribonuclease (to ooo kunitz units/ml), trypsin (Io mg/ml), chymotrypsin (Ioo #g/ml) and ficin (5 mg/ml) for 90 min at 37 °C and pH 7.o. Nuclease treatment was performed in the presence of o.o~ M-MgC12.
Serological tests. Antisera to phage strains Tb, M5I and $7o8 were prepared in New Zealand white rabbits by repeated injection of doses of Io 9 to lO l° p.f.u, by the subcutaneous, intravenous and intraperitoneal routes. Immunization was continued over a period of 3 months, with injections at 2-day intervals over the final 2 weeks. Serum was collected 7 days after the final injection.
Phage neutralization tests with homologous and heterologous antisera were performed according to Adams 0959) before and after removal of bacterial antibodies by absorption of the serum with dried Brueella abortus strain 19 cells at a concentration of 2oo mg/ml, for I6 h at 37 °C. The absorbed serum was collected by centrifuging and sterilized by filtration through a o.45 #m membrane filter (Oxoid, London).
Electron microscopy. Phage preparations concentrated by sedimentation of lysates at IOO ooog for 6o min, and resuspension of the pellets in minimal vol. of PBS, were negatively stained and examined as described by Corbel & Phillip (1972) . Phage preparations permitted to adsorb to suspensions of Brueella spp. at 37 °C for 3 ° min were examined by the same procedure.
RESULTS

Determination of host range
All of the phage strains examined underwent replicative cycles in smooth cultures of Brucella abortus biotypes I, 2, 3, 4, 5, 6, 7 and 9. A specimen of Br. abortus biotype 8 was not available for test. Discrete plaques were produced on Br. abortus cultures by A42z, M5 I, $7o8 and Tb at concentrations near the RTD. At higher concentrations areas of confluent lysis were produced. For each Br. abortus strain the RTD corresponded to a phage concentration of about 5 x lO 4 p.f.u./ml. The results obtained with the four phage with isolated plaques; NL, no lysis; ND, not strains in tests on the i7I brucella strains examined are summarized in Table I . None of the phage strains produced plaques or lysis on any of the 65 authenticated strains of Br. melitensis tested. All of these cultures were checked for smoothness and all behaved as typical strains of Br. melitensis biotypes I, 2 or 3 in the conventional tests.
Phages A422 and Tb did not produce any evidence of lysis on Brucella suis strains at RTD. However, at Io ~ RTD, these phages and also M5t and $7o8 produced areas of confluent lysis on all smooth strains ofBr. suis biotypes I, 2, 3 and 4. A few strains of Br. suis biotype 2 which showed evidence of dissociation to the rough form were partially resistant to lysis. Both M5I and $7o8 produced discrete plaques and underwent replicative cycles in Br. suis biotypes I, 2, 3 and 4 in concentrations at or below RTD. The plaque morphology was not different from that produced on Br. abortus cultures. The only authenticated Br. suis strains not susceptible to phages M5I and $7o8 were some of biotype 2 which showed features characteristic of rough strains.
Phages A422 and Tb at RTD occasionally produced isolated plaques on lawns of Brucella neotomae. M5I and $7o8 consistently produced plaques at RTD. At Io ~ RTD, all of the phage strains produced areas of confluent lysis on Br. neotomae cultures.
None of the phage strains produced evidence of lysis on Brucella eanis or Br. ovis cultures at RTD or Io 4 RTD.
The host range of phage $7o8 propagated in Br. suis I33o was found to be identical with that of $7o8 grown in Br. abortus SI9 cultures.
Plaque morphology on Brucella abortus strain 19
All of the phages produced plaques which covered a range of sizes when viewed at any particular time. However, no fundamental differences in plaque morphology were noted. Thus features shown by one phage strain could be demonstrated with preparations of the other strains. However, the rates of development and the ultimate size of the plaques produced did show some variation between phage strains. Thus, at 24 h the plaques of A422 and Tb were clear and varied in diam. from o.I to 2-o mm. They reached a maximum diam. of 3.o mm at 48 h.
Two types of plaque were predominant with $7o8 and M5I at 24 h. These were small, turbid plaques, o.I to o-5 mm in diam. and large, clear plaques, o. 5 to 2.5 mm in diam. Inspection showed, however, that the small turbid plaques developed into the large clear type on prolonged incubation. This was confirmed by repeatedly cloning samples representative of each type. By 48 h most plaques were of the large clear type.
The plaques of $7o8 developed more rapidly than those of M5I, with numerous clear and turbid types visible at I8 h. At this time few plaques were visible in M5t preparations and these were mostly turbid.
The appearances of the plaques produced by A422, M5I, $7o8 and Tb phages at 24 h are shown in Figs. I to 4-
Phage adsorption tests
As shown in Table 2 , adsorption tests using either acetone dried powders or heat-killed cells of brucella strains, showed that all of the phage strains adsorbed to smooth Brueella abortus strains. There was no significant adsorption to the rough strain Br. abortus 45•2o.
$7o8 adsorbed readily to Brueella suis. A422 and Tb adsorbed significantly to this strain, although to a lesser extent than $7o8 and M5I. All of the phages were more strongly adsorbed to Br. neotomae than to any other brucella strain tested.
None of the phages showed significant adsorption to preparations of Brucella melitensis, Br. canis, Br. ovis, Yersinia enterocolitica IX, Y. enterocolitica NCTCI046I, Escherichia coli, Pseudomonas aeruginosa or Proteus vulgaris.
Electron microscopy of mixtures of phage strains and bacteria confirmed these findings.
Figs. I to 4-Plaque morphology of Brucella phages grown on Brueella abortus strain I9 for 24 h. (× 2"5). Fig. I . Phage A422. Fig. 2 . Phage M5I. Fig. 3 . Phage $7o8. Fig. 4 . Phage Tb. 
Phage &activation
Thermal inactivation tests showed that crude lysates of phage $7o8 were more resistant to heat than similar preparations of A422, M5I and Tb (Fig. 5) . However, when dialysed preparations were tested, no significant difference was observed between any of the phage strains (Fig. 6) . The results showed that the four phages were susceptible to heating at 60 °C.
The results obtained with chemical inactivating agents are summarized in Table 3 .
Figs. 7 to IO. Electron micrographs of negatively stained preparations of Brucella phages. Fig. 7 . Phage A422. Fig. 8a, 8b . Phage M 5 L Fig. 9 a, 9b . Phage $7o8. None of the phage strains was inactivated by exposure to toluene or diethyl ether at high concentrations for prolonged periods. However, chloroform produced significant reductions in the titres of all of the phage strains, although $7o8 was more resistant to this than were the others.
The non-ionic detergent, Triton X-Ioo did not reduce the titres of any of the phages, and the anionic detergent, sodium deoxycholate affected only M5I and $7o8. However, all phages tested were inactivated by the cationic agent, alkyltrimethylammoniumbromide.
Incubation with DNase, RNase or EDTA had no detectable effect on phage titre, whereas incubation with the proteolytic enzymes, trypsin, chymotrypsin and ficin, produced a substantial reduction in the titre of all of the phage strains. Oxidation with M/5o periodate caused complete inactivation of all of the strains.
Phage morphology
Electron microscopy of negatively stained preparations showed that phages A422, M5I and $7o8 were very similar morphologically to Tb phage (Figs. 7 to Io).
Each phage strain had the hexagonal icosahedral head and short tail typical of Tb phage. The mean diam. of the head varied from 6o nm for the A422 strain to 7o nm for the strain $7o8. Thus the mean diam. for all strains were similar.
Preparations of the M51 strain frequently showed fragments presumed to be bacterial debris adsorbed to the base plate region (Fig. 8a) .
Serological specificity
The results of phage neutralization tests are summarized in Table 4 -Tests with unabsorbed sera produced results which suggested a close serological relationship between the phages. However, the reciprocal reactions with heterologous sera were somewhat inconsistent. The use of sera which had been absorbed with Brucella abortus to remove host-specific antibodies, eliminated this inconsistency. Thus A422 and Tb gave virtually identical k values with antiserum to Tb phage. M5r and $7o8 were clearly distinct from these strains and from each other. The results of tests with antisera to these strains confirmed this. Although some serological relationship was apparent between all of the strains it was clear that A422 and Tb were closely related serologically, if not identical, M5I and $7o8 were also related but were still quite distinct from each other. 2-3 (2'9) 43"7 (42"7) 68"9 (IO3"5) $7o8 1"3 (1"3) 13'7 (IO8'O) 99"5 (I43"o) * Values given in parenthesis are those obtained using unabsorbed antisera.
DISCUSSION
The results of the host range experiments showed that the phages examined could be divided into two groups; those, A42z and Tb, capable of replication in Brucella abortus and to a limited extent in Br. neotomae, and those, M 51 and $7o8, which, in addition to these hosts, could replicate in Br. suis strains. None could be shown to lyse any of the Br. melitensis, Br. ovis or Br. cauls strains tested.
The failure of M5I to lyse Brucella melitensis appears at variance with the observations of Moreira-Jacob (1968) , who reported lysis of certain strains. However, some biotypes of Br. abortus and Br. suis can be confused with Br. melitensis if the full range of typing tests is not employed for identification. It is thus possible that the phage-susceptible strains reported by Moreira-Jacob (I968) did not conform with the accepted definition of Br. melitensis as described by Morgan & Gower 0966) and Alton & Jones (I967) . It should be noted that the Br. melitensis strains used in the present study were typical of their biotypes and representative of strains isolated in many parts of the world.
The fact that M 51 and $7o8 at RTD lysed all smooth strains of the four Brucella suis biotypes examined suggested that these phages could be of value in the classification of Brucella spp. It also confirmed the identification of biotype 4, formerly classified as Br. rangiferi-tarandi, as a Br. suis strain. Furthermore, the ability of M5I and $7o8 to replicate in Br. neotomae and to produce lysis at RTD, implies a closer genetic relationship of this species to Br. suis than to Br. abortus. Both A422 and Tb were found to replicate efficiently only in true Br. abortus strains. Replication of these phages in Br. neotomae was extremely limited.
The identical mode of plaque development of A422 and Tb agreed with their similarity in host range. However, the differences in rate of plaque maturation between M5t and $7o8 suggested that these strains were distinct. Differences between these phages were also noted in some of the other tests. Thus $7o8 was appreciably more stable to the action of chloroform than the other phages, including M5I. The apparently greater heat resistance of $7o8 in undialysed preparations was probably due to non-specific factors as it was not exhibited by dialysed preparations.
The results of the neutralization tests confirmed the separate identity of M5I and $7o8. The k values obtained for these strains using absorbed homologous and heterologous antisera were sufficiently different to indicate that these two phages were serologically distinct. It was clear, however, that both phages possessed some antigenic determinants in common and that both showed a more distant relationship to A422 and Tb.
The k values of A422 and Tb with both homologous and heterologous sera were so similar that no significant difference in serological properties could be detected. Antisera to both of these phages also cross-reacted with M5I and $7o8 but to a much lower titre than to either A422 or Tb. These results taken in concert with the identical host range, adsorption pattern, plaque morphology, ultrastructure and thermal and chemical stability left little doubt that A422 and Tb were essentially identical. This was not unexpected as previous studies have shown other Brucella abortus phages to be similar (Morgan, I963; Mfinter, I963; Calderone & Pickett, I965) . The k values obtained using unabsorbed homologous and heterologous antisera were generally higher than values obtained with absorbed sera. Phages with fragments of cellular debris attached were often observed (e.g. Fig. 8 a) and it is possible that these would be agglutinated by antibodies to Brueella. Such nonspecific phage inactivation would produce misleadingly high k values. Morgan (I963) found that sera raised against crude preparations of phage had higher k values than sera raised against partially purified phage.
The results of the adsorption tests were consistent with the other properties observed and reflected particularly the host range.
The failure of any of these phages to lyse or adsorb to Brucel[a melitensis, Br. ovis and Br. canis, as well as to rough brucellae generally, may be attributable to the absence of phage receptors from these strains.
The similarity in susceptibility to proteolytic enzymes, cationic agents and periodate oxidation, suggested that all of the phages possess a similar chemical structure with proteins as important structural components. The periodate susceptibility implies that carbohydrates or glycoproteins may play a significant part in phage infectivity. Lipids evidently have no significant role in the phage composition, as indicated by the resistance to detergents and organic solvents.
Comparison of the morphological, chemical, biological and serological properties of the four phage strains studied suggests that all belong to a single phage family which probably also includes the other brucella phages hitherto described.
